Degradation of commercial textile dye named Malachite green (MG) has been investigated by Fenton reagent under xenon beam irradiation (1501~1532 lux, λ ≤ 320 nm) in an aqueous solution. The degradation process was initiated by the photolysis of Fe(III)-hydroxyl species, and accelerated by xenon beam irradiation, due to enhance photolysis of Fe(III) species, which enhances the regeneration of Fe(II) with concomitant production of hydroxyl free radicals. Influences of various experimental parameters, such as the concentration of H 2 O 2 , Fe (III), xenon irradiation source, and pH of the experimental solutions on the initial rate and photo-degradation extent of the MG dye degradation were assessed and optimized. Although the initial rate of degradation was not affected by the initial MG concentration, it was affected by the concentration of Fenton reagents [Fe(III) and H 2 O 2 solution], pH of the experimental solutions, and the intensity of the xenon beam. A significant enhancement of the initial rate and extent of degradation of MG dye was observed at solution pH of ~3.1 under xenon beam radiation. Complete degradation of MG dye (>99.5 %) was achieved by xenon beam/Fenton's reagent process in aqueous solution (pH, 3.1).
Introduction
The untreated dyes in effluents from dyeing factories and leather industries are a group of hazardous chemicals as well as major sources of water pollution. The hazards are rendered more acute by their wide-spread presence [1, 2] . Dyes undergo chemical changes as well as biological changes in the aquatic system, consume dissolved O 2 and thus disturb the aquatic eco-system [3] . Consequently, survival of fishes and other lives becomes difficult in wide spread, especially in environmental water. In presence of these organic compounds, water becomes unusable for practical uses. In many countries, most of the textile industries are using colour materials like dyes and pigments, and effluents are released as a textile effluent to canal, river, and sea without further treatments and purifications [4, 5] . It is well known that dyes and their degradation products are highly toxic, carcinogenic, and caused water pollution. It is therefore necessary to treat the water containing colour dyes and other organic compounds to discharge them [6] .
Due to the complex aromatic structure and stability of these dyes, conventional biological pre-treatment methods are ineffective for degradation [7] . Also low efficiency and low reaction rate are associated with these methods caused the methods to be ineffective. Over the past few years, a number of physical and chemical techniques had been reported for the treatment of dye effluent including electrochemical oxidation, active sludge, flocculation, reverse osmosis and adsorption on activated carbon [8] [9] [10] [11] [12] [13] . In most cases, the degradation is conducted for dissolved compounds in water with UV radiation. The Fenton process uses Fe 2+ to react with H 2 O 2 to generate radicals ( . OH) with powerful oxidizing ability. This process in the presence of visible light and UV-radiation in different temperatures has been used previously for the mineralization of organic pollutants [14] [15] [16] [17] [18] [19] . Although hydroxyl radicals are powerful species, only Fenton reagent could not reach deep mineralization of organic dyes [1, 16] . Fenton reaction is powerful at initial stage and gradually loses its capability for pollutants degradation with reaction time [17] . Such deactivation is due to the interaction of Fe (III) with degradation intermediates, which is unfavourable to either Fe (III)/Fe(II) recycling [18] or to hydroxyl free radicals generation [19] . It is well known that Fenton reaction could be accelerated by UV light irradiation, due to photolysis of ferric species, which enhances the regeneration of Fe 2+ with concomitant production of . OH. Thus, it is worthwhile to see how these textile dyes could be degraded in aqueous medium under xenon beam irradiation in the presence of Fenton reagent. Accordingly, our attempt was to use the xenon beam (wavelength λ ≤ 320 nm and intensity 1501 ~ 1532 lux) with Fenton's reagent to mineralize textile dyes. Malachite Green was employed as model dye.
In this study, we report on an easy and simply method based on xenon beam/Fenton reagent for the mineralization of Malachite green. The degradation process was initiated by the photolysis of Fe(III)-hydroxyl species, and accelerated by xenon beam irradiation, due to enhance photolysis of Fe(III) species, which enhances the regeneration of Fe(II) with concomitant production of hydroxyl free radicals. Influences of various experimental parameters, such as the concentration of H 2 O 2 and Fe (III), xenon irradiation source, and pH of the experimental solutions on the initial rate and photo-degradation extent of the MG dye degradation were assessed and optimized.
Experimental

Materials
Malachite green oxalate dye (M.W. 927.03, 96%) (Fig. 1a) and hydrogen peroxide (32%) were purchased from Sigma Aldrich, USA. Ferric sulphate n-hydrate (98%) was purchased from Showa Chemicals Inc., Japan. Other chemicals were in reagent grade and used as received without further purification. All solutions were prepared with de-ionized water (Resistivity, >18.2 MΩ-cm).
Apparatus and Method
The photochemical experiments were carried out at 25 The extent of the dye degradation under xenon beam and dark condition by the proposed method depend on the different experimental parameters, such as the concentration of H 2 O 2 , Fe(III), and dye solutions, and pH of the experimental media. Therefore, experimental parameters affecting the analytical performance of the MG degradation were assessed and optimized. The initial rate of MG degradation was calculated from the slope of the tangent drawn at the initial absorbance of dye versus time profile. Initial rate of degradation,
where, A = absorbance of MG, ε = molar absorption coefficient of MG, and l = length of cell. The percent (%) of degradation (mineralization) was determined by following the Beer Lambert law,
Since ε and l are constant, then
Therefore, percent (%) of degradation is calculated using the equation
Results and Discussion
Characterization of MG dye
MG is a cationic dye and extensively used in dyeing and textile industries. The molecular structure and spectrum of MG in aqueous solution are shown in Fig . The MG dye was stable and no significant change in the spectrum was observed over the pH range of 3.0-4.5. At pH values of <3.0 and >4.5, the absorbance of MG was decreased. The points to be noted for dye mineralization by xenon beam/Fenton process are as follows: (i) lower concentration of MG should be used because of its high molar extinction coefficient, and (ii) the initial rate and extent of degradation depends on the concentration of H 2 O 2 , Fe (III), MG, temperature of the solution, and the xenon radiation source. 
Degradation of MG dye
The degradation of MG has been investigated spectrophotometrically to study whether mineralization occurs when the dye solution was treated with xenon beam/Fenton reagents in aqueous solution at 25 o C (pH, 3.1). The mechanism of hydroxyl free radical generation is as follows:
In presence of ferrous iron,
In presence of ferric iron,
The free radical (R . ) scavenges oxygen molecules from environment and form highly reactive peroxy radical (ROO .
), and in presence of Fe(II), it is converted into stable products [20, 21] . Recycling Fe (II) from Fe (III) or its complexes dominated the production of hydroxyl free radicals.
The mechanism of MG degradation is as follows:
( 1 0 )
The mechanism of degradation large dye molecules is presented in Eq. (12) . (6) is dependent on the concentration of H 2 O 2 and Fe(III) in Fenton reagent. Increasing any of these two not only increases the initial rate, but also increases the extent of dye degradation. Radiation and temperature are driving the reaction (6) to the forward direction and accelerate the formation of HO . radical. Although dyes were degraded in the dark in presence of FR but the initial rate of degradation and the extent of degradation were enhanced by xenon light with FR. In this study, Fe(III) and H 2 O 2 were used as the precursor of the radicals ( . OH), which ultimately degraded the MG dye in presence of xenon radiation.
Effect of Fenton reagents on the degradation of MG dye
Although there is no direct evidence for radical participation in the dye degradation, several indirect observations can lead to the conclusion that MG dye is oxidized by the hydroxyl radicals, which are generated in direct photolysis of ferric species [22] . It is well know that the ferric ion can catalyse H 2 O 2 decomposition even in the dark and produce hydroxyl radical, and independent of organic molecules (Eq. 6 (Fig. 3, Table 1 ). An improved behaviour in MG degradation observed under xenon beam/Fenton reagent process (Fig. 3a, dashed curves) when compared with MG degradation in the dark condition (Fig. 3a, solid line) . Fig 3c shows typical spectra obtained at different concentration of H 2 O 2 . It is noted that MG decomposition was terminated near 60 min of xenon beam irradiation and extent of degradation was calculated to be ~ 98.5 %. Secondly, the concentration of Fe (III) in Fenton reagents also has influenced in MG degradation in aqueous media (pH 3.1). As shown in Table 1 , the initial rate and the extent of degradation of MG were increased with increasing the concentration of Fe (III), suggesting almost complete decomposition (99.2 %) of dye achieved with 1.0 mM Fe(III) solution. These results indicated that the decomposition of MG dye initiated by the hydroxyl radicals (HO . ) formed in the Fe(III) photo-redox reaction followed by the Eq. (6), other than via the reaction between the Fe(III) and excited dye or via the electron transfer from MG to the Fe(III) centre in their complex [23, 24] .
A particular amount of FR reagent produced a definite amount of hydroxyl radicals ( . OH). These free radicals are reacted only the proportional amount of MG molecules [25] . Res. 1 (1), 108-120 (2009) 115 Accordingly, the initial rate increased and the extent of the degradation decreased as concentration of MG increased (Table 1) . However, the spectrum of MG was unaffected during increasing the concentration of MG (not shown). It is noted that 99.2 % mineralization was achieved within 60 min when the concentration of Fe(III), H 2 O 2 , and MG dye was 1.0, 0.1, and 0.1 mM (10 mol : 1 mol: 1mol), respectively, in an aqueous solution (pH 3.1). These results indicate 10 mol of H 2 O 2 and 1 mol of Fe (III) molecule are needed to mineralize 1 mol of the MG dye molecule. 
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Non-complexation between MG and Fe(III) ions
To test the possibility of Fe (III)-MG complex formation, we examined the adsorption spectra of MG dye in the presence of different concentration of FeCl 3 in an aqueous solution. No change in the absorption spectrum was observed upon analysing these mixture solutions. Furthermore, no decrease or increase in absorbance spectra at 617 nm and no shifting in the peak was observed even after keeping the MG solution with the Fe(III) solution for several days, indicating that Fe(III)-MG complexation is not significant under the experiment condition. This was possibly due to the inappropriate configuration of the lone pairs of N and O atoms in MG molecules [14] . Similar experiments were also carried in the presence of Fe 2 (SO 4 ) 4 , Cu(NO 3 ) 2, and Fe(NO 3 ) 3 , but none of these cases changed the MG spectrum, indicating that Fe (III) or Cu(III) did not for any complex with MG molecule. 
Effect of pH
The photo-degradation of MG was affected by pH of the experimental solution. The photo-degradation was performed at different pH values from 1.5 to 5.9 in the xenon beam/Fenton reagent process. It was found that λ max and absorbance of MG spectrum was shifted with varying the pH of the solutions. Absorbance was increased rapidly with the increase in initial pH values (Fig. 4A) . Further increase in the pH values resulted in a decreases in absorbance. It is noted that better λ max of MG was found in the pH range 3.0 ~ 4.5. At <pH 3.0, H 2 O 2 undergoes auto decomposition to form H 2 O and O 2 . On the other hand, ionic iron formed colloidal ferric species as Fe(OH) 3 at >pH 4.5. This tendency was checked to be consistence with the previously reported Fenton degradation of dyes [26] . Fig. 4B shows the effect of the pH on the degradation of the MG dye and initial rate. As shown in Fig 4B, the extent of degradation and initial rate was maximum at pH 3.1. These results clearly indicated that maximum hydroxyl free radical was generated at solution pH of 3.1. Thus, all subsequent experiments were carried out at the solution pH of 3.1. 
Effect of light sources
MG does not undergo any degradation by photolysis in the xenon beam (wavelength, λ ≤ 320 nm and intensity, 1501 ~ 1532 lux) in absence of FR reagent. In a control experiment, photo-degradation of MG dye was tested for an hr without Fenton reagents in visible and xenon light irradiation, but showed no observable or significant changed in adsorption spectra. This indicated that no mineralization of MG dye was observed upon visible or xenon light irradiation in the absence of Fenton reagents. However, the photo-Fenton degradation of MG could be occurred under visible light irradiation. This degradation was possibly initiated from the hydroxylation of the dye molecules by .
OH radical generated from the Fe 3+ assisted decomposition of H 2 O 2 . The degradation of dye caused due to opening of conjugated rings of hydroxylated dye molecules [27] .
In the presence of the Fenton reagents, the initial rate and extent of the MG dye degradation accelerated with increasing the irradiation time, whereas in the visible light or in the dark condition much lower degradation was observed (Fig. 5) . OH radicals. In summary, MG could be photo-degraded completely within 60 min by the xenon beam/Fenton process, whereas it took longer time upon visible light irradiation or in dark conditions. These suggest that the faster degradation of MG dye by the present method, which could be tentatively explained taking into account the effect of xenon beam upon the . OH radical's production and temperature of the solution. No substantial degradation of 0.01 mM MG dye was observed upon increasing the solution temperature at 35 o C without using Fenton reagent/xenon beam irradiation. In the presence of H 2 O 2 or Fe (III) alone (without xenon beam irradiation), about 10% degradation of 0.01 mM MG dye was observed within 1 h. It is well known that the Fenton reagents can degraded even in dark condition. Thus, we have studied the effect of the Fenton reagent on MG dye degradation in dark condition. About 20% degradation of MG dye occurred within 1 hr, whereas about 50% degradation occurred upon visible light irradiation. About 98.5% degradation of MG dye was obtained when 0.01 mM dye was treated under xenon beam/Fenton reagent process.
Conclusions
We have developed a simple and fast method for the mineralization of Malachite green (MG) in aqueous solution based on xenon beam irradiation (λ ≤ 320 nm) and Fenton reagent. The extent and initial rate of degradation were increased by increasing the concentration of Fenton reagents (i.e. concentration of Fe(III) and H 2 O 2 ) at pH 3.1. Hydroxyl radicals were the most important reactive species that played the dominating role in the degradation of dye molecules by the present method. Xenon beam/Fenton process enhanced the rate of degradation by i) increasing the production of hydroxyl radicals ( . OH) in the reaction media, and ii) increasing the temperature of solution which accelerated the reaction between the exited MG molecules and . OH radicals. The method provided an economical and fast approach in the treatment of textile pollutants and could be useful for the large scale mineralization of the industrial effluents.
